The recent interest in extreme-ultraviolet ͑EUV͒ lithography has led to the development of an array of at-wavelength metrologies implemented on synchrotron beamlines. These beamlines commonly use Kirkpatrick-Baez ͑K-B͒ systems consisting of two perpendicular, elliptically bent mirrors in series. To achieve high-efficiency focusing into a small spot, unprecedented fabrication and assembly tolerance is required of these systems. Here we present a detailed error-budget analysis and develop a set of specifications for diffraction-limited performance for the K-B optic operating on the EUV interferometry beamline at Lawrence Berkeley National Laboratory's Advanced Light Source. The specifications are based on CODE V modeling tools developed explicitly for these optical systems. Although developed for one particular system, the alignment sensitivities presented here are relevant to K-B system designs in general.
Introduction
The recent interest in extreme-ultraviolet ͑EUV͒ lithography 1 has led to the development of a variety of novel metrologies. Because EUV optical systems use resonant-stack, reflective multilayer-coated optics, 2 metrology performed at the operational wavelength is essential to the development process. 3 Some of the recently developed EUV metrologies include wave-front measuring interferometry, 4 -7 flare measurement techniques, 8, 9 reflection-multilayermask defect inspection, 10 and high-accuracy reflectometry. 11 The majority of these at-wavelength metrologies utilize synchrotron radiation because of its high brightness and stability characteristics.
A key component of many beamline designs is a Kirkpatrick-Baez ͑K-B͒ 12 mirror system used for two-dimensional focusing. This system comprises two orthogonal glancing-incidence elliptical mirrors designed for point-to-point imaging. Each mirror is elliptically profiled in only one dimension ͑i.e., cylindrical ellipses͒, and the two-dimensional focusing property of the system is provided by the orthogonal combination of the two mirrors. The elliptical shape is most conveniently achieved through bending techniques in which thin, nominally flat, width-profiled mirrors are bent and held in the desired shape. [13] [14] [15] [16] The width profiles are designed such that the desired elliptical shapes are obtained when the proper bend forces are applied to the ends of each mirror.
Nearly diffraction-limited performance from the K-B system is essential to several of the EUV metrologies listed above. This is especially true for the EUV phase-shifting point-diffraction interferometer 6 -8 where a spatial-filtering pinhole is placed at the focus of the K-B system to illuminate the optic under test with a highly coherent and ideally spherical probe beam. The necessarily small size of the spatial-filter pinhole requires a high-efficiency, finespatial-resolution beamline for the interferometer to achieve adequate throughput. For example, to test a 5ϫ-reduction, 0.3-numerical aperture optic operating at a wavelength of 13.4 nm, a spatial-filtering pinhole diameter of approximately 100 nm at the focus of the K-B system would be required. Another at-wavelength metrology for which diffractionlimited performance is of paramount concern is EUV mask defect inspection in which the goal is to detect sub-50-nm defects, and the defect sensitivity is directly proportional to the probe beam size. 10 In practice, achieving diffraction-limited performance from a K-B system operating at EUV wavelengths has proven to be quite challenging. In our experience, the difficulties stem primarily from a lack of understanding of the fabrication and assembly tolerance requirements as well as insufficient degrees of freedom for in situ alignment of the system.
Here we present a detailed error-budget analysis for K-B systems and develop a set of specifications for diffraction-limited performance. The specifications are based on CODE V 17 modeling tools developed explicitly for these grazing-incidence optical systems. We also describe aberration signatures as observed in the K-B focal plane that are useful for the facilitation of in situ alignment. Although the motivation and specific examples described here are based on EUV applications, the methods and results presented are broadly applicable to K-B systems operating in any wavelength range.
Extreme-Ultraviolet Interferometry Beamline
The beamline and K-B used as the basis of the analysis presented here are part of the EUV interferometry 6 -8 beamline at the Advanced Light Source synchrotron radiation facility at Lawrence Berkeley National Laboratory. This undulator beamline 18 ͑Fig. 1͒ produces a demagnified image of the source at the K-B focal plane, which corresponds to the entrance plane of the experimental station. In the horizontal direction, the K-B system directly demagnifies the source by a factor or 60, whereas in the vertical direction the K-B system reimages an intermediate vertical image plane located at the exit slit of the beamline monochromator ͑Fig. 1͒. This intermediate image is created by the combination of the M2 mirror and the varied line-space monochromator grating in Fig. 1 . The vertical demagnification of the K-B is 7.2, providing an overall beamline vertical demagnification of 60, matching the horizontal demagnification. With a rectangular entrance numerical aperture of 8 ϫ 10
Ϫ5 and a demagnification of 60, the beamline has a diffraction-limited peak-to-null resolution of approximately 1.4 m in the K-B focal plane, at a wavelength of 13.4 nm.
A computer model of the K-B system is shown in Fig. 2 . The vertically focusing mirror ͑M5͒ has an object distance of 5564.71 mm, an image distance of 775.28 mm, and a central-ray angle of incidence of 84.5°off normal. The horizontally focusing mirror ͑M6͒ has an object distance of 24393.44 mm, an image distance of 406.56 mm, and a central-ray angle of incidence of 87°off normal. The center-to-center mirror separation is 361.95 mm. Both mirrors are profiled in width such that they ideally bend into elliptical shapes having foci matching the image and object distances when the appropriate bend moments are applied. For each mirror, the total mirror length between the bend actuators is 200 mm, and the mirror width is nominally 30 mm. The active ͑illumi-nated͒ areas of the mirrors, as determined by the 80-rad beamline input half-angle, are 3.85 mm ϫ 77.65 mm for M5 and 4.27 mm ϫ 74.57 mm for M6.
The fabricated K-B system has a total of eight independent alignment actuators: two bend actuators on each mirror, tilt ͑angle of incidence͒ control on each mirror, and twist control on one end of each mirror. The bend moments used to shape the mirrors are applied by separate actuators close to the ends of the mirrors. Tilt adjustments are made about the center of the mirror and are used to attain the correct central-ray angle of incidence. The twist control is used to correct nonparallelism between the two ends of the mirror in the cross-bend direction ͑the direction in which the mirror has no optical power͒.
In addition to the mirror-based alignment actuators described above, the K-B system also has global positioning actuators allowing it to be positioned in 6 degrees of freedom relative to the rest of the beamline.
CODE V Tolerancing
Although common in synchrotron optics, the K-B and other grazing-incidence systems are relatively rare among conventional optical systems and are not well supported by commercially available optical design packages. The modeling of synchrotron optics is typically done by a public domain ray-tracing package called SHADOW. 19 SHADOW, however, lacks many of the powerful features common to commercial optical design packages such as CODE V. 17 For example, SHADOW does not readily provide many of the CODE V features that facilitate the efficient tolerancing of optical systems, including direct support of wave-front and point-spread function calculation, modulation transfer function support, partially coherent imaging simulation, system visualization, and a welldeveloped user interface.
To support the detailed assembly and fabrication tolerancing of interest here, we extended the capabilities of CODE V by way of customized user-defined surfaces and macros 20 to model bendable, profiled, grazing-incidence optical systems. The CODE V implementation uses bent-beam theory 14, 16 to model the bendable mirrors. Figure 3 shows the CODE V calculated point-spread function for the beamline described above, operating at a wavelength of 13.4 nm. The sinc-function-like behavior comes from the rectangular beamline entrance aperture ͑the acceptance aperture in Fig. 1͒ . The CODE V modeling is based on monochromatic input in which the dispersion characteristics of the monochromator grating were ignored. For the purpose of the model, the optical power provided by the varied line-space grating is incorporated into the M2 mirror. The simplified monochromatic model is equivalent to the operation of the beamline in the high-spectral-resolution regime, where the monochromator exit slit is set to be smaller than the objectside diffraction-limited vertical resolution of the K-B ͑7.2 ϫ 1.4 m ϭ 10 m͒. Under this condition, the beamline spectral resolution ͑͞⌬͒ is greater than or equal to approximately 1000.
The subsequent tolerancing of the K-B is based on one determining the magnitude of each isolated error leading to a doubling of the diameter of the disk containing 53% of the point-spread function energy. In the ideal system this disk diameter is approximately equal to the 1.4-m peak-to-null resolution quoted above. Although somewhat arbitrary, this criterion provides a computationally convenient and physically meaningful benchmark. During the tolerancing, the image-plane position is kept as a free parameter that is optimized for each error configuration. This means that a simple longitudinal focus shift is not considered as an error.
We begin by considering the system tolerance to rotation errors. The coordinate axes for each mirror are defined with x along the mirror width ͑lateral͒ and y along the mirror length ͑longitudinal͒ in the direction of the beam propagation. The various rotations are defined through the central point of the mirrors as follows: tilt is rotation about the x axis, roll is rotation about the y axis, and yaw is rotation in the plane of the mirror ͑Fig. 4͒. Table 1 shows the rotation error tolerances for M5 and M6.
K-B systems are extremely sensitive to tilt errors and relatively insensitive to yaw errors. Tilt sensitivity is high because the definition of the ideal ellipse and its foci changes rapidly as a function of the tilt angle; however, tilt errors can be largely compensated through mirror refocusing ͑rebending͒. Using compensation based on individual bend moment control on each end of the mirror, we can compensate, in principle, tilt errors as large as several degrees. In practice, however, there are limits based on the ge- ometry of the system, the reflectivity of the grazingincidence mirrors as a function of angle, and the large compensation-induced focal shifts. For the K-B system under consideration here, these practical limits constrain us to compensating tilt errors no larger than approximately 0.1°. It is therefore important to retain tilt control even if the system is equipped with bend control.
Next we consider the tolerance to twist error. Twist error arises from nonparallelism between the two ends of the mirror in the cross-bend direction, as shown in Fig. 5 . Twist, which can be viewed as a roll error that varies along the length of the mirror and can be defined mathematically as sag ϭ Txy, where sag is the mirror height error, T is the twist error coefficient, and x and y are the coordinates in the plane of the mirror, defined above. Table 2 shows the twist error tolerance both in terms of the twist coefficient and the peak-to-valley ͑PV͒ deflection this represents on one end of the mirror when the opposite end is assumed fixed. In our case, in which the two mirror supports are separated by 200 mm and the mirror width is 30 mm, the PV twist error will be T͑200 mm͒͑30 mm͒. In the case of M5, the two ends of the mirror, which are 200 mm apart, must be parallel to within approximately 2.5 m across 30 mm ͑83 rad͒. We note that the tolerable PV error across the mirror active area is considerably smaller ͑it is determined by the illumination footprint instead of mirror size͒; however, the PV errors listed in Table  2 are most relevant to assembly and fabrication tolerance.
Because on our K-B mirrors the twist actuation is performed from one end of the mirror only, there arises an interdependence between twist and roll as measured at the mirror center. This suggests the possible use of twist compensation to mitigate the effects of a roll error. To demonstrate the effectiveness of this compensation, we recalculate the roll tolerance using twist on the same mirror as compensation. This configuration is particularly relevant to our experimental situation in which the roll is fixed during assembly but twist control is available in situ for both mirrors. Table 3 shows that twist compensation increases the roll error tolerance considerably for M6, whereas it has virtually no effect for M5. The discrepancy in the behavior of the twist compensation between the two mirrors is because the vertically focusing M5 mirror must work in concert with the vertically focusing M2 mirror to provide the total 60ϫ demagnification, whereas the horizontally focusing M6 works alone. A roll error on M5 causes interaction problems with both M2 and M6. This problem can be overcome when the entire K-B system is rolled such that the focusing axes of M5 and M2 are aligned. Under this condition the problem is effectively transformed to a roll error on M6 that we can readily correct using twist on M6. We note that the ability to roll the entire K-B system is present in the experimental system under consideration here. It is also important to note that this issue is irrelevant for stigmatic object plane K-B systems as used, for example, in the EUV mask defect inspection beamline at the Advanced Light Source. 10 In addition to compensating for roll error, we can also use twist on one mirror to partially offset the effect of twist on the other mirror. Table 4 shows that the balanced twist tolerance is approximately Rotations are made about the centers of the mirrors. The axes are defined as shown in Fig. 4 . Tolerances are defined as those errors that cause a doubling in the width of the point-spread function. Tabulation of both the twist coefficient and the PV deflection on one end of the mirror when the opposite end is assumed fixed. Finally, we consider mirror bend errors. As stated above, the K-B system is composed of bendable mirrors that rely on in situ controllable bend moments applied to the ends of the mirror so they can attain their ideal shapes. This shaping relies strongly on the width profiling and thickness uniformity of the mirror. Based on bent-beam theory, the curvature of the bent mirror can be shown to be inversely proportional to the cross-section moment of inertia of the mirror cross section. The mirror crosssection moment of inertia, in turn, is directly proportional to the mirror width and proportional to the mirror thickness cubed. 14 -16 In practice, mirror width profiling tends to be more difficult to achieve than mirror flatness; hence we numerically consider system tolerance for the profiling errors only. Moment of inertia errors for both profile and thickness have been addressed analytically in the literature. 14, 16 We performed a statistical investigation by adding a randomly generated error term to the ideal mirror profile and then determining the effect this profile error has on the point-spread function after leastsquares optimization of the bend couples. Because of particulars of the CODE V implementation of the bendable K-B mirror, the error is added to the sag as a tenth-order polynomial term, and the corresponding profile error is calculated. We note that the elastic beam bending equations used in the model require the profile variations to be small and gentle compared with the nominal profile width; therefore the ability to add higher-frequency error terms would likely not provide meaningful results.
We create each individual realization of the error by generating ten normally distributed random numbers used as fractional error coefficients added to the ideal sag polynomial. Running the simulation to produce approximately 1000 realizations of the profile error, we generated the data plotted in Fig. 6 . The plots show the 53% encircled energy disk diameter as a function of the rms width profile error for each mirror. In each case, the other mirror is assumed ideal, and the free parameters of the affected mirror ͑tilts and bends͒ were optimized. Table 5 lists the width profile error tolerance derived from the plots in Fig. 6 . The tolerances in Table 5 are determined when we take all values of the 53% encircled energy disk diameter falling within Ϯ5% of two times the error-free diameter of 1.4 m and average the corresponding rms profile error values. The quoted uncertainties are based on the standard deviation of the corresponding rms profile error values.
We note that the tolerances described above assume isolated errors in an otherwise ideal system. In practice, when multiple errors are present the tolerance to each individual error would be reduced accordingly, with the exception of the error-balancing situations described above.
Error Signatures
To align a K-B system, such as the one described above, it is essential for the operator to recognize the error signatures for at least the parameters under operator control. In this section we use CODE V to Fig. 6 . CODE V calculation of the system response to random profile errors. We simulated 1000 realizations of the profile error. The plots show the 53% encircled energy disk diameter as a function of the rms width profile error for each mirror. In each case, the other mirror is assumed ideal. Reported values are derived from the plots in Fig. 6 . The tolerances are determined when we take all values of the 53% encircled energy disk diameter falling within Ϯ5% of two times the error-free diameter of 1.4 m and average the corresponding rms profile error values. The quoted uncertainties are based on the standard deviation of the corresponding rms profile error values.
reveal these error signatures and show corresponding experimental results.
The obvious error, which we do not explicitly address here, is defocus. Defocus, in one or two dimensions, is clearly manifest as an expanded image. We consider, instead, twist and roll errors, which lead to less intuitive results.
As described above, twist error can be viewed as a roll error that changes as a function of position along the length of the mirror. One convenient way to visualize position-dependent errors on K-B mirrors is to slightly relax one mirror, which effectively collimates the beam in one direction while maintaining a relatively well-focused beam in the other direction. This achieves a mapping in the image plane where the image-plane position in the defocused direction essentially corresponds to y ͑length͒ along the relaxed mirror and x along the focused mirror. Slope errors on the mirrors will be manifest as distortions of the ideal one-dimensional defocused image ͑a straight line͒. Figure 7͑a͒ shows a CODE V-calculated spot diagram of an image distribution when the M5 mirror has twist error and is defocused and M6 is ideal. The twist error is set to 26-m PV as described above. This twist error magnitude is close to the tolerance to compensated twist described in Table 4 . The bend error ͑intentional defocus͒, equal on both ends, is set to cause a PV sag error of 10 m across the 200-mm mirror length. The observed image is a tilted line, which comes from the position-dependent roll error causing the light to be deflected in the x direction of the mirror in question. Figure 7͑b͒ shows experimental results obtained under conditions set to nominally match the modeling parameters described above. We recorded the image by placing a fluorescent YAG crystal in the image plane and reimaging the crystal to a CCD using a microscope objective. Removing or balancing this twist error requires one to adjust the twist on one of the mirrors to remove the tilt from the observed line image. We note that the reference axis for the untilted line image can be determined experimentally by means of focusing the beam as well as possible in both directions and sweeping the mirror tilt adjustment. The image-plane axis defined by the moving spot should be used as the reference axis for the line image observed with the mirror defocused. Figure 8͑a͒ shows the CODE V-calculated intensity distribution for the same amount of twist, but in this case one end of the mirror is overfocused causing the line to fold over into a V shape. The twist causes light from the two extreme ends of the mirror to be directed to different points in the cross-focus direction ͑the x direction for the mirror under consideration͒. The beam separation that can be seen at the top of the V would be the effective image-point blur in the optimal focus position. Figure 8͑b͒ shows the experimental results obtained under conditions set to nominally match the modeling parameters described for Fig. 7 . Here, we can remove the twist by making the adjustments that collapse the V into a straight line. Because twist and roll errors are interdependent, as shown in Table 3 , repeating the above exercise in the presence of roll error produces similar results.
Conclusion
A set of specifications required for the diffractionlimited performance of an operational EUV K-B system has been presented. The specifications are based on CODE V modeling tools developed expressly for grazing-incidence optical systems. In addition, error signatures as observed in the K-B focal plane have been presented, revealing possible in situ alignment strategies. The analysis showed that, given the tight fabrication and assembly tolerances on pa- Fig. 7 . ͑a͒ CODE V-calculated spot diagram of the image distribution when the M5 mirror has twist error and is intentionally defocused. The twist error is 26-m PV relative to a fixed end at a length of 200 mm and across a width of 30 mm. This error magnitude is approximately equal to the error tolerance described in Table 4 . The defocus is set to cause a PV sag error of 10 m across the 200-mm mirror length. ͑b͒ Experimental results obtained under conditions set to nominally match the modeling parameters for ͑a͒. We recorded the image by placing a fluorescent YAG crystal in the image plane and reimaging the crystal to a CCD using a microscope objective. Fig. 8 . ͑a͒ CODE V-calculated spot diagram for the same twist error as described in Fig. 7 , but here one end of the mirror is overfocused causing the line to fold into a V shape. The twist causes light from the two extreme ends of the mirror to be directed to different points in the cross-focus direction ͑the x direction for the mirror under consideration͒. The separation that can be seen at the top of the V would be the effective image blur in the optimal focus position. ͑b͒ Experimental results obtained under conditions set to nominally match the modeling parameters for ͑a͒. The image was recorded as described in Fig. 7. rameters such as tilt, roll, and twist, in situ alignment controls for some or all of these parameters is highly desirable. It was also shown that significant alignment flexibility can be gained when we simply add twist control to one of the two mirrors. Although the motivation and specific example presented here are based on EUV applications, the methods and results are broadly applicable to K-B systems operating in any wavelength range.
